Reprinted

Canadian Journal
Journal of canadien des
Fisheries and sciences
Aquatic halieutiques et
Sciences aquatiques

Response of Lake Michigan benthic algae to in situ
enrichment with Si, N, and P

H. ). CARRICK AND R. L. Lowr
Volume 45 ® Number2 e 1988

Pages 271-279

i~ I * Fisheries Péches

Canada and Oceans et Océans

Printed in Canada try The Runga Press Limited



Response of Lake Michigan Benthic Algae to in situ Enrichment with

Si, N, and P?

Hunter J. Carrick?? and Rex L. Lowe?
Department of Biological Sciences, Bowling Green State University, Bowling Green, OH 434030212, USA

Carrick, H. )., and R. L. Lowe. 1988, Response of Lake Michigan benthic algae to in situ enrichment with Si, N,
and P. Can. ). Fish. Aquat. Sci. 45: 271-279.

The possibility that benthic algae in the nearshore area of Lake Michigan might be growth limited by $i was tested
using nutrient-releasing substrata. Nutrient treatments were Si, N+ P, Si+ N+ P, and controls (CONT) and were
sampled after 7, 14, and 31 d of exposure. Addition of Si alone had little stimulatory effect on algal biomass,
while enrichment with Si+N+P led to the greatest increase in chlorophyll a, particulate Si, total biovolume,
and diatom biovolume after 14 d of incubation (P < 0.0001). By day 31, communities on CONT and 5i substrata
exhibited little change in biomass and remained dominated by diatoms (98% of total biovolume), while algal
biomass on both N+ P and 5i+ N + P substrata increased more than eightfold (P < 0.0001} and consisted mainly
of Stigeoclonium tenue (Chlorophyta} and Schizothrix calcicola (Cyanophyta). These results indicate that benthic
diatoms in Lake Michigan are not currently limited by 5i, but may become Si limited following enrichment with
N+P.

On a vérifié la possibilité que la croissance des algues benthiques de la zone littorale du lac Michigan soit limitée
par le Si, A I'aide de substrats libérateurs de bic¢léments. Ces substrats, contenantdu 5i, duN+Petdu Si+N+P
ainsi que les sédiments témoins ont été échantillonnés aprés 7, 14 et 31 j d’exposition. L'apport de $i a eu peu
d’incidence stimulante sur la biomasse algale tandis que I'enrichissement avec du Si+ N+ P a entrainé la plus
grande augmentation de la concentration de chlorophylle-a, de $i particulaire, du biovolume total et du bio-
volume des diatomées aprés 14 j d’incubation (P < 0,0001). Aprés 31§, les communautés poussant sur des
substrats témoins et enrichis de Si ont montré peu de variations de la biomasse et étaient surtout constituées de
diatomées (98 % du biovolume total) tandis que la biomasse algale sur les substrats enrichis de N+ P et de
Si+ N+ P a augmenté plus de 8 fois (P < 0,0001) et se composait surtout de Stigeoclonium tenue (Chlorophytes)
et Schizothrix calcicola (Cyanophytes). Ces résultats révalent que les diatomées benthiques du lac Michigan ne

sont pas actuellement limitées par la concentration de Si mais peuvent le devenir par suite d’un enrichisserment

au N+P.
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nities has received much attention (Kilham and Kilham

1978; Tilman 1982). Investigators have demonstrated that
the availability of one to a few nuirients limits phytoplankton
growth and leads to shifts in community composition {Dillon
and Rigler 1974; Schindler 1977). Although less thoroughly
understood, nutrients have been shown to limit benthic algal
productivity (Krewer and Holm 1982). However, nutrients
commonly limiting to phytoplankton (i.c. P) are often times
less well correlated with benthic algal biomass (Cattaneo 1987),
perhaps suggesting that nutrient supplies available to benthic
algae may differ from the open water (Alexander et al. 1982;
Pringle 1985). Recent work by Pringle (1987) suggests that

The role nutrients play in shaping phytoplankton commu-
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nutrients supplied from substrata interact with nutrient supplies
in the water column to mediate the response of benthic algae
to enrichment.

Results from several biocassay techniques have demonstrated
benthic algal growth stimulation with additions of P (Krewer
and Holm 1982; Fairchild and Lowe 1984), N (Grimm and
Fisher 1986), and both P and N (Stockner and Shortreed 1978,
Pringle and Bowers 1984). Silicon may be another important
nutrient to benthic algae, particularly because diatoms dominate
most benthic algal assemblages (Stockner and Armstrong 1971;
Round 1981) and dissolved Si concentrations are very low in
many aquatic systems (Alexander et al. 1982; Schelske et al.
1986). While very little information exists on the role Si plays
in regulating benthic algal growth and community dynamics
(e.g. Hooper-Reid and Robinson 1978), Si demand by phyto-
plankton can serve as an index of eutrophication (Kilham 1971).

In Lake Michigan, the growth of planktonic diatoms and sub-
sequently their rate of Si utilization has been shown to increase
following P enrichment (Schelske and Stoermer 1972; Schelske
et al. 1986). This phenomenon has been suggested as a
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Fig. 1. Lake Michigan with Little Traverse Bay enlarged displaying
the study site, indicated with a star (after Schelske and Callender 1970;
Rea and Pigula 1979).

mechanism partially responsible for seasonal shifts from a dia-
tom-dominated assemblage during spring mixing to dominance
by phytoplankton without growth requirements for Si following
thermal stratification (Schelske and Stoermer 1971, Fahnenstiel
and Scavia 1987a). Because diatoms also dominate Lake Mich-
igan benthic algal assemblages (Stevenson and Stoermer 1981;
Kingston et al. 1983), elevated P imputs might induce similar
shifts in benthic algal community composition. Thus, the pres-
ent study utilized substrata which release combinations of Si,
N, and P in the littoral zone of Lake Michigan in order to deter-
mine (1) whether benthic diatoms are Si limited and (2) if a
shift from a diatom-dominated community to one composed of
algae without Si requirements (i.e. green and blue-green algae)
is observed following N + P enrichment.

Materials and Methods

Nutrient-releasing substrata were constructed as described by
Fairchild and Lowe (1984) from clay flower pots (intemal vol-
ume = 245 mL) that were autoclaved and soaked in deionized
water for 48 h. Each substratum was filled with a hot 2% agar-
deionized water solution containing one or a combination of
0.05 M NaNQ, (N), 0.05 M NaH,PO, (P), and 0.1 M Na,SiO,
(Si).

Nutrient Release Experiments

Release rates of each ion were determined under laboratory
conditions in order to characterize the pattern and magnitude
of nutrient release over a time period comparable with that of
the in situ experiment. Releasc of NOy-N (average release =
254 pmol-d -1} was higher than PQ,-P (82 pmol-d-!); however,
both decreased through time (Fairchild et al. 1985). Release of
$i0, was determined by filling three replicate substrata with
agar and 0.1 M Na,SiO, (Si} and three more with just agar
{CONT). The Si and CONT substrata were placed in 4-L plastic
containers filled with 1.5 L of deionized water. The water in
each jar was changed daily for 23d. Ondays 1, 2, 3, 6,9, 12,
15, 18, 21, and 23 of the experiment, water samples were fil-
tered through washed 0.45-pm Millipore® filters, stored in
acid-washed polyethylene bottles, and refrigerated. These sam-
ples were analyzed for Si0, colormetrically using a Technicon
11 autoanalyzer (Davis and Simmons 1979).

In situ Nutrient Manipulation

Forty-eight nutrient-releasing substrata were constructed for
field experiments: 12 contained Si as a nutrient addition (Si
substrata), 12 had both N and P added (N + P substrata), 12 had
all three nutrients added (Si+ N+ P substrata), and the remain-
ing 12 served as controls, with no nutrients added (CONT sub-
strata). On 15 July 1984, all substrata were placed approxi-
mately 0.5 m apart in a grid at a depth of 10 m off Harbor Point
in Little Traverse Bay, Lake Michigan, using SCUBA (Fig. 1).
Each substratum was secured into the sediments by a wooden
dowel at its base. Four substrata of each treatment were gently
collected after 7, 14, and 31 d in 1-gal zip-lock plastic bags by
divers, taking care to include as little lake water (and suspended
algae therein) as possible with each substratum.

Upon returning to the laboratory, the contents from each zip-
lock bag were transferred to a 1-L wide-mouth jar. Organisms
were removed from the surface of each substratum with a razor
blade and toothbrush and washed into the jar with deionized
water. Each sample was diluted to a known volume, from which
subsamples were removed to determine concentrations of chlo-
rophyll a, particulate Si (PSi), and algal biovolume (Stoermer
and Kreis 1980). The remaining slurry was concentrated by
settling and diatom reference slides were prepared (Patrick and
Reimer 1966).

Chlorophyll subsamples were filtered ((.45-pm Millipore),
sonicated, centrifuged, extracted in 90% acetone buffered with
MgCO,, and analyzed using a Turner 111 fluorometer. Samples
were subsequently acidified and assayed a second time for
phaeopigments (Strickland and Parsons 1968). Subsamples for
PSi were filtered (0.40-pm Nuclepore®), transferred to plastic
vials, and frozen. Samples were later subjected to NaOH
extraction and acid neutralization and analyzed with an autoan-
alyzer for dissclved SiO, (Krausse et al. 1983).

Algal densities were estimated from each prepared slide by
enumerating between 350 and 3000 algal cells using a Leitz
Dialux® research microscope at 1250 X magnification. Bio-
volume estimates were obtained for taxa by determining the
mean cell dimensions of at least 10 randomly chosen cells.
Average biovolume was calculated from the mean cell dimen-
sions and was multiplied by cell densities to obtain the total
biovolume for each taxon.

Estimates of algal biomass were analyzed using one-way
analysis of variance (ANOVA), with nuirient treatments con-
sidered a fixed factor and sampling intervals treated as a blocked
factor. Data were log transformed to meet the assumptions of
homoscedasticity, and Student—Newman—Keuls multiple range
tests (P << 0.05) were used to evaluate sources of significant
variation (Zar 1983).

Physicochemical Analyses

Duplicate 1-L lake water samples were collected on days 1,
7, 14, and 31 of the experiment from depths of 1, 5, and 10 m
using a 2-L Van Dom bottle. Lake water samples (100 mL)
were analyzed for chlorophyll, following which the filtrate was
analyzed for NO,-N, soluble reactive P (SRP), Cl-, and Si0,
using a Technicon 11 autoanalyzer (Davis and Simmons 1979).
An additional 100 mL of lake water was filtered onto membrane
filters to determine PSi concentrations.

Also, on days 7, 14, and 31, pH, dissolved oxygen, tem-
perature, and conductivity were determined at 1-m intervals
from the surface to depths of between 6 and 12 m using a



TaBLE 1. Pooled estimates for chemical and biological parameters measured on four dates from dupli-
cate water samples taken at three depths (1, 5, and 10 m) in Liuwtle Traverse Bay, Lake Michigan (und

= undetectable).
Date Si0, Cl- NO,-N SRP PSi Chla
(1984) (mg-L-Y)  (mg'L-) (ugl™ (nglH) (mgl-) (ugl-H
15 July 0.36 8.77 182.8 und 2.14 1.t1
22 July 0.41 8.77 193.1 1.00 2.81 1.65
29 July 0.35 8.62 199.4 1.20 1.55 1.15
15 August 0.37 8.23 198.0 und 1.24 0.79
Mean 0.38 8.59 193.3 1.10 1.94 1.18
SE 0.01 0.13 37 0.10 0.35 0.19
Hydrolab®. Water transparency was measured with a white and 20r
black Secchi disk (diameter = 20 cm). 1 A
- :;5:
Results < 9 ccont 3
Qs Si
Silica ($i0,) liberation from Si and CONT substrata was & o O ERIN+P
characterized by high initial release, followed by relativelycon- O E Bl Si+N+P ol
stant release. The magnitude of Si0O, release from Si substrata :—El ~ 5 2
(254 pumol-d ') was more than 25-fold higher than that released 35 5:5
from CONT substrata (10 pmol-d-?). a o
.—M ¥ & :.:'
Physicochemical Conditions of Lake Michigan Water 5 7 14 3l
Concentrations of SiQ,, C1-, NO;-N, and SRP showed little r B o
temporal or spatial variability (Table 1). Levels measured were M L EEES !
similar to those reported from other nearshore areas in northem = S
Lake Michigan (Schelske and Callender 1970) and are indica- 2 ‘e 3} o
tive of extreme P limitation (Tilman 1982). Concentrations of < )
PSi and chlorophyll were highest on 22 July and declined there- g"‘E 3
after, indicating a decrease in phytoplankton standing crop (i.e. O & i o
diatoms) typical of summer epilimnetic populations in Lake 5™~ 3
Michigan (Fahnenstiel and Scavia 1987a). - 2
Estimates (X = sg) of conductivity (286.7 + 2.1 ]
pmho-cm=-! at 25°C), pH (7.97 = 0.13), and dissolved oxygen | el m B
(8.4 =+ 1.3 mg-L-!) changed very little by depth and through 7 14 3l
time. Water transparency (Secchi depth = 5-6 m) also showed 50r
little temporal variability. Temperature profiles (20.2 + 0.7°C) C
indicated that surface waters in the bay warmed very little dur- 5
ing the study and that the thermocline was below 10 m (Carrick _
1985). '
Algal Biomass Estimates E§§
Changes in algal biomass among nutrient treatments over all 523
sampling periods as determined by chlorophyll, PSi, and total R
biovolume yielded consistent results (Table 2; Fig. 2). Samples + E:SI
on day 7 were not different in terms of total biovolume and PSi; 4

however, chlorophyll concentrations were higheston $i+N+P
substrata. By day 14, algal biomass was greatest on either
Si+ N +P (chlorophy!l and PSi) or Si and Si+ N -+ P treatments
(biovolume). On day 31, all three biomass estimates were
greater on N+P and Si+ N+ P substrata over CONT and Si
treatments.

Division-Level Responses

Biovolume of three divisions of algae (blue-green algae,
green algae, and diatoms) did not vary significantly among
nutrient treatments following 7 d of incubation (Table 3). After
14 d of exposure, diatem biovolume was highest on Si+N+P

Can. J. Fish, Aquat. Sci., Vol. 45, 1988

3l
TIME (d)

FiG. 2. Average (A) chlorophyll a concentrations, (B) total biovolume
estimates, and (C) PSi concentrations among four nutrient treatments
collected over three successive sampling periods. Vertical bars denote
1 sE from the mean.

and Si substrata over the other two treatments. By day 31, blue-
green and green algae both demonstrated a significant increase
in biovolume on N+ P and Si+ N+ P over Si and CONT sub-
strata (Fig. 3).
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TaBLE 2. Results from one-way analysis of variance (ANOVA)
comparing estimates of algal biomass among nutrient treatments for
each sampling date. Treatments joined by underlining were not sig-
nificantly different from one another when assessed with the Student—
Newman—Keuls (SNK) multiple means range test (at P << (3,05), ***p
< 0.000!.

Biomass
Date estimate Fdf = 3) SNK range test
Day 7 Chlorophyll 13.29*** CONT N+P Si Si+N+P
Biovolume 2.41 CONT N+P Si Si+N+P
PSi 1.38 N+P Si+N+P Si CONT
Day 14  Chlorophyll 74.12*%** CONT Si N+P Si+N+P
Biovolume 13.35*** CONT N+P Si+N+P Si
PSi 11.97***¢ CONT N+P Si Si+N+P
Day 31  Chlorophyll 29.22%** §i CONT Si+N+P N+P
Biovolume 177.23**+ Si CONT Si+N+P N+P
PSi 140.18*** CONT Si N+P Si+N+P
°
DIATOM b7
| GREEN
BLUE-GREEN ]
3 OTHER 1

BIOVOLUME (cm®- m?)

CONT Si NP

TREATMENT

Fio. 3. Relative contribution of algal divisions to the total biovolume
among four nutrient treatments after 31 d of exposure.

Population-Level Responses

The response of algal populations to nutrient enrichment fol-
lowing the 31-d incubation fell into four catagories: species
responding positively to either 8i, N+ P, or Si+ N + P and spe-
cies responding negatively to all three pattemns of enrichment
(Table 4).

Eleven species of diatoms displayed significant growth
response to Si enrichment (Table 4A} and accounted for
between 1 and 2% of the total biovolume on Si substrata.
Amphora ovalis (Kiitz.) Kiitz, Cocconeis diminuta Pant., Cym-
bella minuta Hilse ex Rabh., and Nirzschia bacata Hust. under-
went from 1.2- to 3.7-fold increases in biovolume following Si
enrichment. The biovolume of Navicula cryptocephala var.
veneta (Kiitz.) Rabh. and Synedra rumpens Kiitz. was com-
parable on CONT and Si substrata but was less variable on Si
substrata. The remaining five species only occurred on Si
substrata.

Two species responded strongly to enrichment with N+ P
and Si+N+P (Table 4B; Fig. 4). The growth of Schizothrix
calcicola (Ag.) Gomont, a small filamentous blue-green alga,
was enhanced over 2000-fold on N+ P and Si+ N + P substrata
and comprised a substantial portion of the total biovolume (24

214

and 26%, respectively). Stigeoclonium tenue (Ag.) Kiitz., a
green filamentous alga, increased more than 600-fold on N + P
and Si+ N+ P substrata and accounted for 59 and 50% of the
total biovolume in each community.

The diatoms Achnanthes minutissima Kiitz. and Cocconeis
placentula Ehr. responded moderately to enrichment with
N+P, but increased to the greatest extent when all three
nutrients were supplied (Table 4C; Fig. 4). Achnanthes minu-
tissima underwent a 1.5-fold inerease in biovolume on N+P
substrata and a 2.3-fold increase on Si+ N + P substrata (6 and
9% of the total biovolume, respectively). Cocconeis placentula
showed a similar response to enrichment, increasing in bio-
volume 8.4-fold on N + P and more than 14-fold on Si+ N+ P
substrata (4 and 6%, respectively).

Eleven species of diatorns maintained stable populations on
CONT substrata and either decreased or were sporatically rep-
resented or absent on Si, N+ P, and Si + N + P treatments (Table
4D). Achnanthes clevei var. rostrata Hust., Cyclotella michi-
ganiana Skv., C. ocellata Pant., and Nirzschia recta Hantz. all
decreased between 2.5- and 11.0-fold on Si substrata relative
to controls and were absent on N+ P and Si+ N + P substrata.
Amphora hemicycla Stoerm. & Yang only occurred on CONT
substrata, while the remaining species had variable occurrences
on N+P and Si+N+P compared with CONT and Si treat-
ments. These species each contributed between 1 and 4% to
the total biovolume on CONT and Si substrata.

Discussion

Enrichment with Si alone did not stimulate benthic algal
growth to any significant extent in the nearshore area of north-
ern Lake Michigan. However, Si may become a limiting factor
to benthic algal growth following enrichment with N+P, as
evidenced by the greatest increase in algal chlorophyll, bio-
volume, and PSi following Si+ N+ P enrichment during the
first 14 d of the study. Enrichment with Si relative to N+ P had
little effect during the days 14-31, when factors other than
nutrients seem to have become important.

It is quite possible that benthic algal communities at 10 n
(ambient light is 4.5% of surface irradiance} are jointly limited
by nutrients and light (see Rhee and Gotham 1981). This would
explain the relatively low growth rates exhibited by the assem-
blage, despite the abundant supply of nutrients (see below).
Moreover, chlorophyll to biomass ratios (micrograms chloro-
phyll per milligram, assuming specific weight = 1.0) were
high on all treatments (average = 3.3) but greatest for N+P
and Si+ N+ P treatments (3.6 and 3.9, respectively), indicat-
ing that these algae were the most light-limited. Ratios calcu-
lated here are comparable with those determined for shade-
adapted subsurface phytoplankton existing under a similar light
regime in Lake Michigan (Fahnenstiel and Scavia 1987b). In
fact, subsurface phytoplankton demonstrated the greatest
growth response to enrichment with Si and P only when higher
than in situ light was provided (Fahnenstiel et al. 1984). Unex-
pectedly higher chlorophyll concentrations on N+P over
Si+N +P substrata on day 3] may also be related to the greater
contribution of green algae and subsequent chlorophyll a to that
assemblage (see Fig. 3). Because green algae have a lesser pig-
mentation diversity than do blue-green algae and diatoms
(Round 1981}, they may contribute more chlorophyll a per unit
cell volume.

The nearshore of Lake Michigan is a dynamic zone subject
to periodic nutrient enrichment attributable to common upwell-

Can. . Fish. Aquat. Sci. Vol. 45, 1988
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TaBLE 3. Results from one-way analysis of variance (ANOVA)
comparing the biovolume of three algai divisions among nutrient treat-
ments for each sampling date. Treatments joined by underlining were
not significantly different from one another when assessed with the
Student-Newman—Keuls (SNK) multiple means range test (at
P < 0.05). ***P < 0.0001.

Algal
Date division F{df=13) SNK range test
Day 7 Blue-green 3.7 CONT N+P Si+N+P Si
Green 1.01 N+P Si CONT Si+N+P
Diatom 2.32 CONT N+P Si Si+N+P
Day 14  Blue-green 1.81 N+P Si+N+P CONT Si
Green 0.90 CONT N+P Si+N+P Si
Diatom 13.95*** CONT N+P Si Si+N+P
Day 31  Blue-green 122.89*** CONT Si Si+N+P N+P
Green 94.87*** Si CONT Si+N+P N+P
Diatom 3.20 Si CONT N+P Si+N+P

ing events (Schelske et al. 1971), external perturbations (e.g.
Auer et al. 1982), and inputs from tributaries (Schelske 1975).
The release of both Si and P from substrata used here are com-
parable with Si and P concentrations in many Lake Michigan
tributaries (Schelske 1975). Despite the relatively low atomic
N:P provided by our substrata (3:1), it still is within the range
of N:P measured from water entering Lake Michigan through
the Grand River (Stephenson and Waybrant 1971). However,
the supply of nutrients from nutrient-diffusing substrata can vary
in time and space and potentially influence experimental results
{Pringle 1987). Based upon nutrient-diffusion rates determined
under laboratory conditions (Fairchild et al. 1985; this study),
we assume that nutrients were supplied linearly throughout the
experiment by our in situ substrata.

With this in mind, we feel that our results represent a realistic
measure of the benthic algal response to nutrient perturbations

Can. J. Fish. Aguat. Sci., Vol. 45, 1988
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relevant to the Lake Michigan system. Chlorophy!! and partic-
ulate (biogenic) Si estimates for algal communities on N+P
and Si+ N +P substrata on day 31 fall well within the range
for summer chlorophyil (11-77 mg-m~2) and biogenic concen-
trations (60 g-m~-2, assuming 1 cm® = 1.1 g dry weight of
sediments) present in nearshore southemn Lake Michigan sedi-
ments (Nalepa and Quigley 1987; Conley et al. 1986, respec-
tively). Also, our chlorophyll estimates correspond well with
chlorophyll levels common in several oligotrophic Canadian
lakes (Cattaneo 1987). Furthermore, according to the relation-
ship between total P and periphyton biovolume for the same
suite of Canadian lakes (Cattaneo 1987), the level of biovolume
production we observed here correlates with water column total
P concentrations (approximately 15-20 pg-L-') common for
nearshore Lake Michigan (Schelske 1980).

Aspects of Algal Community Development

The growth response of Lake Michigan benthic algae to
nutrient enrichment is dependent upon the specific pattern of
enrichment and on the period at which the community is ana-
lyzed. This temporal interaction may reflect the opetation of
three components of algal community development: coloniza-
tion, growth, and maturation. Collections on day 7 can be inter-
preted to represent a period of algal colonization and accli-
mation (average exponential growth rate, r = 0.33-d-"), where
algal biomass differed little among treatments. Values for r dur-
ing this period may be inflated because passive accumulation
was not taken into account (Bothwell and Jasper 1983). Days
7-14 can be characterized as an initial growth phase (r =
0.15-d-"), where increases in biomass were highest on
Si+ N+ P substrata and community composition was similar
among treatments. Days 14-31 represent a period where algal
biomass accumulation on N+P and Si+N+P treatments
increased nearly ninefold over Si and control treatments and
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TABLE 4. Species showing significant biovolume (cm*m? X 10?) responses to specific nutrient addi-
tions on day 31 (X * sE}, as determined by one-way analysis of variance. Species responses were
classified into groups using the Student-Newman—Kuels (SNK) range test (P < 0.05). *P < 0.05;

**p < 0.01; ***P < 0.001.

Species CONT Si N+P Si+N+P
A. Species responding to Si enrichment
Achnanthes exigua* 0 0.5 05 0 0
Amphora ovalis*** 2020 7.5 09 0 0
Cocconeis diminuta* 1.0 = 0.6 1.2 £ 04 0 0
Cymbella hustedrii* 0 1.6 = 0.7 0 0
C. minuta*** 1.0 £ 0.6 2.7 x07 0 0
Diploneis oculata** 0 1.1 £+ 04 0 0
Gomphanema gracile* 0 1.3 £ 0.8 0 0
Navicula cryprocephala
var. veneta*** 1.8 £ 03 1.8 =02 2.1 * 2.1 0
Nitzschia acicularis*** 0 1.3 +06 0 0
N. bacta* 1.3 08 1.7 £ 0.6 0 0
Synedra rumpens* 07+ 04 0.7 x0.2 0 0
B. Species responding to N+ P enrichment
Schizothrix calcicola*** 04 04 0 1043.6 = 129.1 1130.9 = 367
Stigeoclonium fenue*** 3535 4] 2578.5 = 251.6 2201.7 = 164
C. Species responding to Si+ N+ F enrichment
Achnanthes minutissima* 161.8 = 26.5 1201 = 16.9 2436 = 60.9  283.1 = 63
Cocconeis placentuia*** 20.1 = 3.6 11.9 +33 169.4 = 59.1 376.1 = 108
D. Species responding negatively to enrichment
Achnanthes clevei
var. rostrata* 1.4 £ 0.7 0.1 = 0.1 0 0-
Amphora hemicycla** 8.0 +38 0 0 0
Cyclotella comensis*** 49 £ 1.5 1.1 =03 05 £ 0.5 0
C. michiganiana*** 1.2 04 0.5 = 0.5 0 0
C. ocellata*** 1.5 = 0.7 04 = 0.1 0 0
Fragilaria construens** 104 = 59 55+29 0 0
F. construens
var. pumila* 39 £ 21 04 =04 0 0
F. crotonensis*** 19.0 + 3.3 10.4 = 43 53.8 = 538 0
F. intermedia* 48 + 28 2113 0 0
Nitzschia palea*** 7.2 +25 25+1.2 0 1.9 + 1.9
N. recta* 8.8 +13.1 26 1.5 0 0

consisted mainly of four species. Exponential growth rates were
highest for N+P and Si+N+P treatments (r = 0.11 and
0.04-d "), but decreased on all treatments compared with days
7-14 (average r = 0.05-d-!). This decline in growth rate for
all treatments suggests that each assemblage reached some
abundance plateau (Rodriguez 1987). Overall, the algal growth
rates following enrichment in this study are very low compared
with those obtained for Lakes Huron and Michigan phytoplank-
ton assemblages enriched with Si, N, and P (average r for 23
July 1975 = 0.44-d-"; Lin and Schelske 1981) and with Si and
P (average r = 0.40-d-'; Schelske et al. 1975), respectively.
Furthermore, lotic periphyton exposed to various concentra-
tions of effluent high in N and P experienced increases in intrin-
sic growth rates (average r for all concentrations = 0.35-d-")
over controls (average r = 0.16-d~') (Bothwell and Stockner
1980).

Alterations in Community Composition

Following an increase in diatom biovolume for the first 14 d
of the experiment, the community composition on substrata
enriched with N + P and Si + N + P shifted to one dominated by
green and blue-green algae. This shift in algal community struc-
ture is similar to changes observed from in situ bag experiments
involving Lake Michigan phytoplankton assemblages exposed
to a similar pattern of nutrient enrichment (Schelske and
Stoermer 1971, 1972). Such alterations in phytoplankton com-
munity structure were attributed to depletion of soluble Si within
the phytoplankton enclosures.

Mechanisms prompting taxonomic shifts in the present study
are difficult to ascnbe. Low N:P like those supplied by our
substrata have been shown to favor the growth of green and
blue-green benthic algae in another lake enrichment study
(Schindler 1975). Also, the ability of filamentous green and



blue-green algae to take up large stores of nutrients (Rosemarin
1982; Stewart et al. 1978, respectively), suffer minimal grazing
losses {Canale and Auer 1982), and reduce shading effects (Cat-
taneo 1987) cannot be discounted as factors contributing to their
relative success on N+P and Si+ N +P treatments.

Ennchment of plant communities in restricted growing space
often escalates the importance of resources other than nutrients
(i.e. light and space) and the interactions among species utiliz-
ing these resources (Tilman 1982). Given the low light condi-
tions and high algal standing crop on N +P and Si+N+P sub-
strata by day 31, comparable development of biomass and
community composition on N+P and Si+ N +P substrata at
the end of the experiment may have been mediated, in part, by
the relative success of a few dominant species.

Communities on N+P and Si+N+P substrata consisted
primarily of four species. Schizothrix calcicola (Cyanophyta)
and Stigeoclonium renue (Chlorophyta) formed extensive mats
covering most of the surface of N + P and Si+ N + P substrata.
In addition, Fairchild et al. (1985) also identified S. tenue as a
dominant following enrichment with N+ P in Douglas Lake,
Michigan, and commented on the possibility of habitat modi-
fication by this species. The other two dominant taxa on these
treatments (Achnanthes minutissima and Cocconeis placentula)
are adnate diatoms of very limited motility (Patrick and Reimer
1966) which thrive in habitats of limited space (Pringle 1985;
Krejci and Lowe 1986) and light (Stockner and Shortreed 1978;
Mclntire 1968, respectively). Hence, we feel that secondary
limitation of light and space were pertinent forces under these
two nutrient regimes by day 31. Many algal species on these
treatments appeared to vary as a function of the relative success
of Schizothrix and Stigeoclonium, and only species with low
requirements for light and space coexisted (primarily
Achnanthes and Cocconeis).

Population Responses to Nutrient Enrichment

The observed growth enhancement of I1 diatom species fol-
lowing Si enrichment suggests that these species were Si lim-
ited. Of these, Cocconeis diminuta, Nirzschia bacata, and Nitz-
schia acicularis are known to thrive in nutrient-enriched habitats
(Lowe 1974). Also, Nitzschia acicularis grows best in cultures
with high Si concentrations (approximately 30 mg-L-'; Chu
1942). No specific data pertaining to the nutrient requirements
of the other eight diatom species are available. Because some
Si is liberated from the CONT substrata, estimates of algal
response to Si enrichment are probably conservative.

In addition to ambient dissolved Si concentrations, benthic
diatoms may be able to usc other sources of Si. Diatoms may
be able to sequester Si by modifying the biogeochemical
decompesition of silicate minerals (Hutchinson 1957). Studies
by Vernadsky (1922) have documented the breakdown of sili-
cate materials (i.e. kaolinite and nacrite) by species of the dia-
tom genera Nitzschia and Navicula. Also, significant release of
Si from nearshore sediments in Lake Michigan (Quigley and
Robbins 1984) may be another potential Si source. Third, the
high annual sedimentation of remnants from the spring diatom
bloom in Lake Michigan (Fahnenstiel and Scavia 1987a) settles
in some nearshore zones (Nalepa and Quigley 1987) and
deposits diatom frustules and fragments which can dissolve
swiftly (80-100% annually; Conway et al. 1977), providing
another potential Si source. Thus, benthic diatoms may have a
mode of maintaining populations in Si-poor waters by using an
additional source(s) of Si present in the sediments (Cheng and
Tyler 1973).
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The increase in algal biomass on N+ P and Si+ N +P sub-
strata was pnimarily due to the growth of Stigeoclonium renue
and Schizothrix calcicola. Stigeoclonium tenue grows well in
organically enriched habitats (Palmer 1969). In addition, cul-
ture studies have demonstrated increased growth response of §.
fenue to enrichment with combinations of NO,- and PO.*-
(DeVries et al. 1985) and a capacity for high P-uptake kinetics
and growth rates (2.0-d~") (Rosemarin 1982). Schizothrix cal-
cicola is also associated with organic pollution (Van Lan-
dingham 1983), and is one of the more pollution tolerant mem-
bers of the Oscillatoriaceae (Drouet 1968). Because green and
blue-green algae have little to no requirement for Si (Hutch-
inson 1957), we deduce that Schizothrix and Stigeoclonium
responded to supplies of N and P (and/or other unknown ions)
liberated from N +P and Si+ N + P substrata.

The diatoms Achnanthes minutissima and Cocconeis placen-
rula experienced increased growth on N+P substratz and
reached the greatest abundance on substrata enriched with
Si+N4P. Although A. minutissima is found in a variety of
freshwater habitats (Lowe 1974), it responds to nitrate addition
{Stockner and Shortreed 1978; Fairchild and Lowe 1984; Prin-
gle and Bowers 1984), as does Cocconeis (Pringle and Bowers
1984; Fairchild et al. 1985). Qur results indicate that both spe-
cies respond positively to N+P addition and that greatest
growth is obtained when Si is also provided.

The negative response to nutrient enrichment exhibited by 11
diatom species was expected given what is known about their
autecology. The three Cyclotella species encountered here have
been characterized as pollution-intolerant species (Stoermer
1978) which decline in abundance under increasing eutrophic
conditions (Stoermer et al. 1985), Of the four sensitive species
of Fragilaria, F. construens and F. construens var. pumila are
intolerant to eutrophication (Engstrom et al. 1985). Fragilaria
crofonensis is a more tolerant ‘‘weed’’ species that occurs under
a wide range of conditions and declines under more advanced
stages of nutrient perturbation (Stoermer et al. 1985). Nitzschia
palea is also regarded as a *‘weed’’ species (Lowe 1974) and
perhaps responds to nutrient enrichment much like F. crofo-
nensis. The cosmopolitan nature of F. crotonensis and N. palea
may account for their variable response to nutrient enrichment
in this study. Information concerning the autecology of the other
sensitive species is scarce,

Concluding Remarks

[n summary, enrichment with Si+ N+ P led to the greatest
increase in total alga! chlorophyll, biovolume, and PSi between
treatments during the first 14 d of the study when diatoms dom-
inated the assemblage. Additions of Si alone affected a limited
number of poorly represented species. Thus, Si appears to be
a secondarily limiting nutrient, becoming important to benthic
algae following N+P addition. Although the observed shift
from diatom to green and blue-green dominance following
N + P enrichment in this study coincides with findings for Lake
Michigan phytoplankton exposed to the same pattern of enrich-
ment {Schelske and Stoermer 1971, 1972), the mechanism driv-
ing these changes may differ. Taxonomic shifts observed here
were attributed to the low N:P supplied and to species-level
interactions. Low growth rates and high chlorophyll to biomass
ratios for algae across treatments is indicative of light limita-
tion, which was apparently accentuated by the extensive growth
of Schizothrix and Stigeoclonium on N + P and Si+ N+ P sub-
strata. This implies that the trade-off between nutrients and other
potentially limiting resources (i.e. light and space) cannot be
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ignored and may manifesl themselves readily within commu-
nilies restricled to subsirala.
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